Tibias from 50 Single Comb White Leghorn hens were used to study the relationships among various bone measurements. The bone ash (BA), length, wet bone volume (V), fat-free dry matter (FFDM), fat-free bone density (BD; mass per unit bone volume), and bone breaking force (BF) were measured, and the BA concentration (BA/V) and BA as a percentage of FFDM (BA/FFDM) were calculated. Bone ash was highly correlated with FFDM (r = 0.975). The BD was poorly correlated with any of the parameters measured in the present study. The BF was highly correlated with BA (r = 0.922) and FFDM (r = 0.918), but less well correlated with BA/FFDM (r = 0.496) and BA/ V (r = 0.694). However, the inclusion of volume 2 significantly improved the BF predicting models when BA/V was used as predictor (R 2 = 0.855), indicating that BF is not only a function of BA density but also of bone size. The BF adjusted for V may better reflect treatment effect upon bone status than BF alone. The coefficient of variation of BA/FFDM and BD was smaller (0.007) than the CV with BA/V (0.026), which may indicate that BA/ V is potentially a better indicator of bone status than BA/FFDM and BD. Bone length was poorly correlated with BA, FFDM, and BF, but highly correlated with V (r = 0.844). The volume of the same bone measured by the water weight change method gave the most consistent measurement.
INTRODUCTION
Various bone parameters have been used as indicators of bone status in the mineral nutrition research of poultry and swine. Bone-breaking force (Rowland et al., 1968; Crenshaw et al., 1981; Merkley, 1981; Ruff and Hughes, 1985) ; bone ash (Frits and Halloran, 1943; Waldroup et al., 1963; Rowland et al., 1968; Garlich et al., 1982) ; bone ash concentration (Cheng and Coon, 1990; Garlich et al., 1982) , bone mineral content obtained by photon absorptometry (Crenshaw, 1986; Akpe et al., 1987) , and bone density (Watkins and Southern, 1992) are some of the methods utilized to evaluate bone mineralization. Conflicts exist in the literature regarding the sensitivity of different measurements and expressions of bone status in experimental treatments. It is difficult to compare the values of the different parameters as indicators of bone status due to the lack of established relationships between the various measurements.
The objective of the present study was to determine the relationship among bone density, bone ash, dry matter, fat-free dry matter (FFDM), volume, breaking force, and bone ash concentration for tibias from laying hens.
MATERIALS AND METHODS
Fifty DeKalb XL Single Comb White Leghorn hens, 50 wk of age, were euthanatized by carbon dioxide asphyxiation. The hens were randomly chosen from a group of birds previously subjected to different levels of dietary Ca for the purpose of increasing variability of bones. The right tibia from each of the hens was excised and defleshed without boiling. The tibias were individually sealed in a plastic bag to minimize moisture loss, and stored at -20 C until analysis. Storage of wet bones at -20 C has been reported to have no effect on various bone strength determinations (Seldin, 1965) .
The wet bone volume (bone volume) was taken by the weight change in water method (Zhang and Coon, 1992) . Tibias were weighed in the air and in the water. The weight change equals the weight of water replaced by the bone. It was assumed that water specific gravity is 1.0 g/cm 3 (measurements were made with room temperature at 22 C). The weighing accuracy was within Each tibia was supported by a fulcrum with 8-cm width. A probe with a length of 6 cm and a round base was attached to a 500-kg load cell with a crosshead speed of 200 mm/min. The broken tibias were later used for other measurements.
Fat-free dry matter and bone density were determined by the method of Watkins and Southern (1992) . Tibias were extracted (Soxhlet) for 48 h in 90% ethanol, and another 48 h in anhydrous diethyl ether. The fat-free tibias were dried in a forced-air oven at 90 C until consistent weight was obtained. Dried fat-free tibias were then rehydrated under vacuum (65 to 75 mm Hg) until all air was removed from the bones. The rehydrated tibias were then weighed in water (weight in water), and air (air weight) using a similar device described by Zhang and Coon (1992) . The bone density (mass per unit volume) was calculated by dividing the weight of tibia in air (grams) by its volume (cubic centimeters). The bone ash weight was obtained after ashing at 600 C for 24 h. Bone ash concentration was calculated as bone ash weight per unit of volume.
Three different methods measuring bone volume were compared. One tibia was randomly chosen and the bone volume was measured 15 times by using the weight change in water method of Zhang and Coon (1992) , the water volume change method of Cheng and Coon (1990) , in which the bone volume was measured by placing the test bone in a scaled ungraduated cylinder containing 1% glycerol solution and determining volume difference of bone and water, and the water displacement method as described by Garlich et al. (1982) .
Data were analyzed using the regression and Pearson correlation procedures of the statistical package STATISTIX (NH Analytical Software, Version 4.0).
RESULTS AND DISCUSSION
The descriptive statistics of the bone parameters measured in the present study are summarized in Table  1 . Coefficient of variation was used for the comparison of the variance between the bone measurements. Smaller CV were found for bone ash as a percentage of FFDM (Bone ash/FFDM) and bone density than for bone breaking strength and bone ash concentration, which showed that bone ash as a percentage of FFDM and bone density were fairly constant. Because the bones used in the present study were from hens fed different Ca diets for 6 wk, large variability in values of bone measurement for the 50 bones was expected. Thus, the smaller CV observed in the bone ash as a percentage of FFDM and the bone density may be an indication of less sensitivity in reflecting bone status. Bone ash weight was highly correlated with FFDM ( Table 2 ), indicating that bone ash/FFDM may not provide much more information about bone status than bone ash weight alone. These results seem to support the previous report that bone ash concentration is much more sensitive to different dietary Ca levels than bone ash as a percentage of FFDM (Garlich et al., 1982; Cheng and Coon, 1990) . Crenshaw (1986) also reported that bone ash as a percentage of FFDM was not responsive to dietary phosphorus and Ca levels in growing swine.
The correlation of bone breaking force with various parameters was in a decreasing order of bone ash weight, FFDM, bone ash concentration, bone volume, bone length, bone ash as a percentage of FFDM, and bone density. The FFDM was closely correlated with bone ash weight, bone breaking force, and bone volume. Bone density was poorly correlated with all parameters measured in the present study. A poor correlation of bone ash as a percentage of FFDM with other parameters was also found, but to a lesser degree compared with bone density. Bone length was more closely correlated with bone volume than with other parameters (Table 2) .
The relatively constant bone ash as a percentage of FFDM, and the high correlation between bone ash and FFDM seem to support the idea that the ash and nonash components of the bone are being mobilized or replenished together, so that their ratio in the bone, which is reflected by bone ash as percentage of FFDM, remains relatively unchanged. It has been reported that both the mineral and organic matrix are reduced with Ca deficiency (Ham and Leeson, 1961; Pechet et al., 1967) . Although it is not clear whether the mineral and organic matrix are reduced to the same extent, the small CV in bone ash as a percentage of FFDM of the bones indicates a similar reduction for both mineral and organic matrix, which may be one of the reasons why bone ash as a percentage of FFDM was found to be a weaker indicator of bone status (Crenshaw, 1986; Cheng and Coon, 1990) . Bone volume is expected to change little in mature laying hens so that bone replenishment and mobilization or the changes in bone ash content may be better reflected by bone ash concentration than bone ash as a percentage of FFDM and bone density. Bone breaking force was more closely correlated with bone ash weight and FFDM than bone ash as a percentage of FFDM, bone ash concentration, and bone density (Table 2 ). When bone volume or bone volume 2 were added into the models to predict bone force, the regression lines were significantly improved if bone ash concentration, or bone ash as a percentage of FFDM, or bone density were used as predictors, but the regression lines were not improved when bone ash or FFDM were used as predictors (Table 3 ). The addition of bone volume as an additional predictor was expected to improve the ability of the models to predict bone breaking force because there is a high correlation between bone breaking force and bone volume ( Table 2 ). The inclusion of bone volume showed no or little improvement for the models when bone ash or FFDM were used as predictors because the bone ash and FFDM have already taken bone volume into account due to their high correlation with bone volume. The results indicate that the inclusion of bone volume in the statistical analysis (e.g., as covariate in ANOVA) may help reduce variation, hence increase sensitivity to detect dietary treatment effects upon bone status if bone ash, FFDM, or bone breaking force are to be used as bone status measurements. This result is particularly important when bone size varies greatly within or between treatments. Bone breaking force is an important Mature laying hens may differ from growing poultry in how the various bone measurements are related to each other. Medullary bone is a unique bone structure for mature laying hens that does not exist in growing poultry. The difference in bone structure may create different relationships between bone parameters. A laying hen fed a Ca-deficient diet will have a reduction in the Ca content (ash) of bone but the bone size will be maintained (Cheng and Coon, 1990) . However, growing poultry fed a Ca-deficient diet may have smaller bones with less bone ash and also show a reduced growth rate. The sensitivity of a bone measurement may be very different between laying hens and growing poultry in response to a dietary treatment.
Bone volume of the same bone measured by using the three different methods is shown in Table 4 . The most consistent value (lowest SD) of bone volume was obtained from Zhang and Coon's method (1992) . The bone volume value from the method described by Garlich et al. (1982) is somewhat higher than those from the other two methods.
Overall, the data showed that the bone ash concentration may be a better measurement to reflect the bone status changes of hens than the measurements of bone ash weight, FFDM, bone density, bone breaking force, and bone ash as a percentage of FFDM. When bone ash, FFDM, or bone breaking force are used in laying hen bone status studies, the data analysis needs to be adjusted for bone volume, as bone volume is closely correlated with these variables.
